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Accelerating structures with damped higher-order modes (HOMs) have been the focus of many
over the past decade. This report compares the results of numerical simulations of damping of
using a new calculation technique applied to the case of the PEP-II rf cavity. We compare these
using this technique, which was not yet developed at the time of the original design, with benc
beam-based measurements of the HOM damping. These results show agreement with bench m
ments of the shunt impedances of the strongest HOMs as well as measurements of the beam
signals on cavities installed in PEP-II.

PACS numbers: 29.27.Bd, 41.75.Ht, 41.85.-p, 07.05.Tp
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I. INTRODUCTION

An rf cavity free of higher-order modes (HOMs) ha
long been a desire of accelerator builders. The PEP-I
cavity is from a recent generation of cavity designs w
strong damping of the HOMs now in operation [1,2]. Th
PEP-II design has already proved to be successful in
reduction of coupled-bunch instability growth rates, co
tributing to the rapid commissioning of the low and hig
energy rings and the storage of high beam currents, res
ing in good luminosity performance. Some of the fab
cation principles developed for this project have alrea
been applied to other cavity designs such as the Advan
Light Source third harmonic cavity [3], and the design m
provide a basis for cavity designs for future projects su
as light sources, storage ring based colliders, and lin
collider damping rings [4]. Indeed a scaled version of t
PEP-II design was used as the baseline model for the N
Linear Collider damping rings [5,6].

At the time of the original PEP-II cavity design, the tec
niques available for computing the quality factors (Q’s) of
HOMs in highly damped structures required large comp
ing times, essentially limiting the analysis to only a fe
HOMs. Full characterization of the HOMs required co
struction of a cold-test model of the cavity. Today, th
availability of better design tools and faster computers
allowed the development of new techniques for study
the HOM damping. This paper has two main objective
The first is to describe a time domain simulation techniq
for computing the HOM damping of highly damped stru
tures using the PEP-II cavity as a model. The second i
compare the simulated performance of the PEP-II cav
using this technique with the measured performance in
laboratory and installed in PEP-II with beam. Section
describes the simulation technique and the results for
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PEP-II cavity. Section III describes the laboratory me
surements and compares them with the results of Sec
II. We compare these results with beam-based meas
ments in Section IV. Conclusions are given in Section

II. CALCULATION OF RF PROPERTIES AND
HOMS

One of the most difficult tasks in designing a strong
HOM-damped rf cavity is to ensure that all harmf
monopole and dipole modes are adequately damped w
keeping the efficiency of the accelerating mode as high
possible. The damping scheme developed for the PE
cavity uses three waveguides on the cavity body [7]
equally spaced around the azimuth, as shown in Fig. 1
as to couple to all monopole and dipole HOMs. They a
positioned so as to couple most strongly to the HOMs w

FIG. 1. CAD drawing of the PEP-II cavity. The waveguide
are designed to couple to the cavity HOMs.
© 2000 The American Physical Society 102001-1
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the highest impedance, particularly the TM011 monopole
and TM110 and TE121 dipoles, while not leaving any other
harmful modes trapped. The waveguides are wide enough
to allow all HOMs to propagate away while retaining
the fundamental mode in the cavity. The height of the
waveguides is kept small to minimize the loss of cavity
surface area in order to keep the Q of the accelerating
mode as high as possible.

In the PEP-II cavity design phase the coupling of the
waveguide dampers to the cavity HOMs was estimated
one mode at a time by a perturbation method [8,9] re-
102001-2
quiring multiple simulation results per mode, which was
time consuming and limited the analysis to only the lower
frequency modes. In fact, not all the modes below cut-
off could be efficiently calculated using this method. The
design was verified for production by extensive measure-
ments of a full-size cold-test model [10], which confirmed
the calculated results and showed that the damping scheme
was successful for all the harmful modes below cutoff.

With advances in computer speed and new calcula-
tion techniques it is now possible to predict the HOM
impedance spectrum over a broad frequency range of the
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FIG. 2. (Color) Transverse wakefield calculated using MAFIA T3 at 4 cm offset with a 3 cm rms bunch length. (a) Short-range wake,
(b) medium-range wake, and (c) long-range wake.
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damped cavity in a single run and estimate the strength of
all the modes, so long as they do not have very high Q’s
[11]. This allows the investigation of geometry changes
and some degree of optimization to be performed on a
reasonable time scale. The method involves a simulation
in the time domain using MAFIA in which the structure is
excited by a short bunch passing through it, either on axis
(for the longitudinal modes) or off axis (for the deflecting
modes), and the long range wakefield is computed and
recorded for many meters behind the bunch. This time
record contains the amplitude of excitation and decay
rate of all the excited modes. A Fourier transform of this
signal, normalized to the bunch spectrum, gives the
impedance spectrum of the cavity. The frequency resolu-
tion is determined by the length of the wakefield recorded
and the time step interval. In principle, this is limited only
by computer time and by the onset of numerical instabili-
ties in the simulation over long time periods. Any mode
still ringing with appreciable amplitude at the end of the
recorded time will be truncated and artificially broadened
in the spectrum, so care must be taken in interpreting the
results.

In order to check the validity of these tools the PEP-II
cavity geometry was modeled and the results compared
with the known cavity properties. Figure 2 shows an ex-
102001-3
ample of the transverse wake over short, medium, and
long time scales. Viewed over a time corresponding to
a few periods of the rf frequency, oscillations of individual
HOMs are apparent. Over an intermediate time scale, one
observes an apparent beating of two residual modes. On
the longest time scale, the wake decays completely. The
Fourier transform of this wake will give the most accurate
model of the impedance spectrum.

Examination of the longitudinal wake in Fig. 3 seems
to reveal less because it is dominated by the fundamen-
tal mode. Note that the longitudinal wake has not de-
cayed much by the end of the time record. This results
in an artificial broadening of the fundamental mode when
transformed to the frequency domain. The damping of the
wakes of the HOMs is much better studied by transform-
ing the total time domain wake to the frequency domain as
discussed below.

The impedance spectra, found from the Fourier trans-
forms of the wakes, provide more insight as shown in
Figs. 4(a) and 4(b). Figure 4(a) shows the calculated lon-
gitudinal impedance spectrum using this method for the
PEP-II geometry, including an approximation of the input
power coupler and waveguide. Both the fundamental mode
(TM010) and the first monopole HOM (TM011) are marked,
as well as the TM beam pipe cutoff frequency, above which
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FIG. 3. (Color) Longitudinal wakefield calculated using MAFIA T3 with a 3 cm bunch length. (a) Short-range wake and (b) long-
range wake.
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FIG. 4. (Color) Impedance spectra calculated from Fourier transforming time domain wakes and estimates of mode impedances mea-
sured in a cold-test model of the PEP-II cavity. The effective impedances for damping from synchrotron radiation and the multibunch
feedback system at the nominal LER parameters are also shown. (a) Longitudinal impedance and (b) transverse impedance.
modes propagate. The threshold impedances for radiation
damping and for the nominal damping rate of the longitudi-
nal multibunch feedback system for the PEP-II low energy
ring (LER) are also shown for reference. The wakes of
all of the modes, except the fundamental mode, have fully
decayed in the time domain and are fully resolved in the
frequency domain. Because of the truncation in the time
record of the wake, the fundamental mode is artificially
broadened, giving it a lower impedance. Its impedance is
better found using an alternate technique described later in
this section.

The transverse impedance spectrum is shown in
Fig. 4(b). The two dominant HOMs are marked as well
as the TE cutoff frequency of the beam pipe. The residual
beating observed in the time domain in Fig. 2(b) corre-
sponds to the neighboring modes of 1.33 and 1.42 GHz.
Also shown are the threshold impedances for radiation
damping and for the nominal damping rate of the trans-
verse multibunch feedback system for the PEP-II LER.
The impedance of each HOM found in bench measure-
102001-4
ments of a cold-test model is also shown along with an
estimated error. These results are discussed in more detail
in the next section.

Typical simulations run on this geometry used wakes of
up to 400 m, which could be calculated overnight and re-
solve modes with peak widths as low as about 0.35 MHz,
corresponding to loaded Q’s from a few hundred at low
frequency to several thousand at high frequency. The
Q’s can be found by fitting the individual peaks in the
impedance spectrum, similar to the technique described in
the next section to measure the Q’s on the bench.

For higher Q modes, the mode strength can be deter-
mined by doing a separate simulation in which the mode
is excited by a constant amplitude polarized point dipole
source in the cavity rather than by a bunch, and the quasi-
linear growth of the mode amplitude can be recorded,
along with the field amplitude at certain times [12]. Once
the mode pattern has been well established, the stored en-
ergy in the mode and time-averaged power flow out of the
HOM ports can be computed. From this the damping of
102001-4
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the HOM can be found. This method has the advantage
that the field distribution of the mode is recorded so that
the shunt impedance and Q0 can also be calculated but the
disadvantage that it is tedious to iterate for many modes.

III. COMPARISON WITH BENCH
MEASUREMENTS

Extensive low-power measurements were made on a
cold-test model of the PEP-II cavity to verify the damping
of the HOMs. Details of these measurements and tech-
niques are given elsewhere [10]. This section summarizes
the results and compares them with the simulated results
from the previous section.

The impedance of each mode was found by indepen-
dently measuring R�Q and Q and computing the product.
On axis and off axis bead pulls were used to measure the
R�Q of monopole and dipole modes, respectively. The
bead pull, or Slater perturbation technique [13], uses the
fact that a small perturbing object, usually a dielectric bead
or metal needle, shifts the resonant frequency of a mode in
proportion to the square of the electric field at the object.
By measuring and integrating the field strength along the
bead-pull axis, the R�Q of a mode can be determined.

Experimentally, the mode is excited using weakly
coupled probe antennas in the beam pipe while a bead is
pulled through the cavity. The frequency shift of the mode
can be measured directly using a swept-frequency network
analyzer, or, equivalently, the mode can be excited at a
102001-5
single frequency near resonance and the phase shift due
the mode frequency change can be measured. We use the
phase shift technique for our measurements because it is
more sensitive to small frequency shifts.

Uncertainties in the bead-pull measurements result if the
mode has either a small R�Q or is in a part of the spectrum
with several nearby modes. For example, Fig. 5(a) shows
the bead pull for the 1327 MHz dipole mode (vertical ori-
entation) 4 cm off axis. The measurement is clean and
repeatable with little drift, giving confidence in the R�Q
value. Figure 5(b) shows a bead-pull measurement for the
1595 MHz monopole mode. Clearly the signal is much
weaker (less than 1± of phase perturbation), and there is
considerable drift and noise. A linear interpolation is made
between the starting and ending points of the integration in
an attempt to account for slow drifts such as temperature
variations, but this does not correct for nonlinear drifts,
noise, or other disturbances. Repeated measurements of
the same mode gave lower numbers for the R�Q so the er-
ror range was expanded accordingly. The calculated values
at the peaks, the measured values, and estimates of errors
are listed in Tables I and II.

The Q was found by measuring the transmission be-
tween weakly coupled probe antennas in the beam pipe and
carefully fitting the response. The antennas were placed
off the beam axis on azimuthally rotatable fixtures to help
distinguish monopole and dipole modes by preferentially
exciting these modes. This was usually helpful in identify-
ing the mode along with bead-pull results. Measurements
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FIG. 5. (Color) Examples of bead-pull measurements. (a) The relatively strong 1327 MHz dipole mode shows an easily measurable
phase shift. (b) 1595 MHz monopole mode provides a small phase shift with appreciable drift during the measurement.
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TABLE I. Impedance and Q’s of monopole modes estimated from calculations and measurements. R � V2�2P. n.m. � not
measured, n.v. � not visible, n.r. � not resolved in time domain simulation.

fr,meas (MHz) R�Qmeas �V� Qmeas Rmeas �V� fr,calc (MHz) Rcalc �V� Qcalc

476 117.310.00
218.5 32 469 3.809 3 106 476 n.r.

758 44.6 6 13.4 1810
24 8091241

2362 758 879 15

1009 0.4310.00
20.048 12810

23 5510
27 1010 35 100

1283 6.7016.4
20.00 259147

292 173612272
2617 1291 1013 88

1295 10.3 6 2.1 22210
288 22871455

21184 1307 1831 203

1595 2.4310.00
22.14 30010

2170 72910
2691 1596 214 52

1710 0.44 6 0.11 3201125
20 1411104

235 1721 476 54

1820 0.13 6 0.013 54310
2120 7017

221 n.v. n.v. n.v.

1898 0.17 6 0.043 258810
21693 4421111

2328 1906 715 685

2121 1.82 6 0.18 338169
2100 6161199

2226 2113 1346 163

2160 0.053 6 0.011 119110
235 612

23 2153 293 300

2265 0.064 6 0.016 197510
21314 126132

295 2263 450 306
2344 n.m. 69310

2511 n.m. n.v. n.v. n.v.
were made with a model of the cavity coupler in place and
were made only below the beam pipe cutoff frequency. Re-
sults listed for the fundamental mode are for the unloaded
impedance, and the Q value was extracted from an average
of the measured value from the 26 production cavities.

The measurement uncertainty using this technique can
be particularly large if the modes are strongly damped or
are in a crowded part of the spectrum. In many cases the
R�Q or Q are so low that the signals are barely visible or
in some cases not visible at all. In cases where the modes
are in a crowded part of the spectrum an attempt is made
to identify the peaks by adjusting the antennas in the beam
pipe to confirm the azimuthal character (monopole, dipole,
or higher) of the modes while their longitudinal symmetry
may be inferred from the bead pulls. In cases where the
peaks are quite clear and strong signals can be measured
for the Q and for the bead pull there is good agreement
102001-6
between the calculated and measured values such as TM011

at 758 MHz, TM110 at 792 MHz, and TE121 at 1133 MHz.
For example, Fig. 6(a) shows the spectrum in the re-

gion of the 1327 MHz dipole mode for several azimuthal
orientations of the antennas. The spectra are quite clear
and the two orientations of the dipole mode can be clearly
separated and their Q’s accurately measured. Figure 6(b)
shows the crowded spectrum around the 1676 MHz dipole
mode. Clearly there are other peaks present in the spec-
trum and an attempt is made to identify the most likely
candidates for the vertical and horizontal components of
the dipole. In case of uncertainty the range of possible fit
values for Q is included in the error estimate.

As shown in Fig. 4, the calculated spectrum shows gen-
eral agreement with the bench measurements, especially
when taking the measurement uncertainty into account. In
many cases the calculated impedance falls within the broad
TABLE II. Transverse impedance and Q’s of dipole modes estimated from calculations and measurements. R� � �R��Qkr2��QL.
The measured R�Q is at a 4 cm offset. n.m. � not measured, n.v. � not visible.

fr,meas (MHz) R�Qmeas �V� Qmeas R�,meas �kV�m� fr,calc (MHz) R�,calc �kV�m� Qcalc

792 9.69 6 0.997 115 42.0 6 4.2 800 38.7 96
1063 50.4 6 10.1 27 38.0 6 7.6 1071 40.1 34
1133 1.29 6 0.65 54 1.82 6 0.91 n.v. n.v. n.v.
1202 0.56 6 0.56 871113

251 12.2112.6
212.2 1218 17.6 642

1327 5.58 6 0.28 61116
27 76.714.6

24.7 1335 99.5 510

1420 5.31 6 0.53 113810
2289 126.9112.6

241.7 1417 143.7 554

1542 0.50 6 0.50 92194
216 0.8912.7

20.89 1553 2.0 130

1595 0.51 6 0.21 1451155
256 1.3912.6

20.88 1611 11.6 180

1676 4.63 6 0.46 7831285
272 64.5132.3

211.8 1672 33.9 265
1749 0.10 6 0.01 131710

2139 2.3110.23
20.45 1774 9.15 1234
102001-6
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FIG. 6. (Color) Examples of measured transmission spectra on the bench at various probe angles. (a) For dipole modes which are
well separated, determination of the Q is simple. (b) More crowded spectra require fitting to multiple peaks with different relative
phases, resulting in a larger uncertainty.
range of uncertainty estimated by combining these errors.
In a few cases the measured value is outside this range,
possibly because the wrong peak was identified for the Q
measurement or bead pull, the interpretation was overly
conservative or not all sources of error were adequately
accounted for. In cases where the uncertainty arises be-
cause the mode is inherently weak or is heavily damped,
the mode is not significant because its impedance is well
below the threshold for instability.

The numerical model has limitations in terms of the de-
tails of the geometry description, the total mesh size avail-
able and the length of wakefield that can be calculated
in a reasonable time. The MAFIA model used here has a
simplified coupler and does not show the low-frequency
structure associated with standing waves between the cav-
ity and the window which were seen in a cold-test model
and the beam-based measurements. The minimum mesh
size of 5 mm used for this model is adequate for approxi-
mating the main features of the cavity but could lead to
inaccuracies in some of the mode frequencies because of
the relatively coarse approximation of the nose cones. The
length of the recorded wakefield (400 m) is adequate to re-
solve most of the peaks in the spectrum. The low Q modes
102001-7
are adequately resolved with only a 100 m wake, but the
impedance of some of these modes increases slightly when
the wake length is increased to 400 m. Inspection of the
wakes in Figs. 2 and 3 shows that there are no large com-
ponents present at the end of the time record, other than
the fundamental in Fig. 3. The HOM ports and other exter-
nal coupling apertures are approximated by a broad band
“open boundary” in MAFIA. In theory the HOM loads, like
the coupling box, may have some reflections which could
add structure to the real impedance spectrum. In practice
the HOM loads are well matched over a very wide band,
unlike the window which is inherently narrower band, and
are unlikely to lead to significant errors below cutoff.

Table I summarizes the measured and calculated values
for the monopole modes. Table II shows the same for the
dipole modes, where both the measured and calculated
impedances are for the orientation of the dipole modes
which are not damped by the power coupler.

IV. BEAM-BASED HOM MEASUREMENTS

The PEP-II cavities are now in routine operation at
SLAC at high current. Evidence from the longitudinal and
102001-7
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FIG. 7. (Color) Measured and calculated frequency spectrum of the signal reaching the HOM load. (a) Measured spectrum at rotation
harmonics of a HOM port probe signal with a single bunch stored in the LER. The signal was uncalibrated. (b) Calculated spectrum
of the signal at the HOM port from time domain simulation.
transverse feedback systems suggests that the actual mode
strengths are consistent with expectations from cold-test
model measurements [14,15]. During the commissioning
of the storage rings we used a pickup antenna close to
the load material to record the signals reaching one of the
HOM loads. With a single bunch in the storage ring, the
spectrum is a comb of lines at multiples of the rotation fre-
quency of 136 kHz with varying amplitudes. We acquired
the beam signals using a spectrum analyzer via a computer
interface in small enough frequency bands such that indi-
vidual rotation harmonics could be resolved. Figure 7(a)
shows the amplitude of all of the rotation harmonics up
to 2.5 GHz.

To simulate the signal reaching the HOM loads using
MAFIA, a waveguide boundary condition is used at each
port where the electromagnetic waves which satisfy the
waveguide modes are allowed to propagate out without
reflection. Figure 7(b) shows the Fourier transform of
the calculated time domain signal reaching the port for
frequencies up to 2.5 GHz.

There is good agreement between the simulation and
measurement in the distribution, structure, and relative am-
plitudes of the peaks below the cutoff frequency. No at-
tempt was made to compare the absolute signal amplitudes
because the coupling of the signal probe to the HOM port
102001-8
in the measurement was uncalibrated. The measured sig-
nal clearly shows the cutoff of the HOM waveguide at
600 MHz; the simulated port boundary in the MAFIA model
is closer to the cavity and therefore shows more penetra-
tion by the frequencies below cutoff. While there is good
general agreement between the spectra there is additional
structure in the measured data, which was also visible in
the measurements of the cold-test model. Some of this
comes from coupling between the cavity modes and weak
resonances in the coupling box, which is simplified in the
MAFIA model by a broad band termination. In reality there
are reflections from the window at frequencies other than
the operating frequency and these cause weak resonances
in the coupling box at HOM frequencies.

V. CONCLUSIONS

The PEP-II cavity is a successful design that is oper-
ating well and has made an important contribution to the
rapid commissioning of PEP-II. We have presented a time
domain simulation technique for calculating the residual
impedance of highly damped structures which shows fairly
good agreement for the strongest HOMs with bench mea-
surements made on a cavity cold-test model. We believe
the poor agreement of some of the weaker cavity HOMs
102001-8
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with the measurements is due to a combination of mea-
surement uncertainties in determining the Q and the R�Q.
Fortunately, these modes are generally too weak to be of
concern. We can also use these techniques to calculate the
beam spectrum observed at a HOM load, showing good
qualitative agreement with beam observations. We believe
these techniques can be applied successfully in future de-
signs of damped rf structures for rapid optimization of the
damping.
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